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ABSTRACT 
The explosive forming is one of the forming methods of a 
metal plate performed since the 1950s. This method is different 
from usual static press forming. The metal plate is accelerated 
by underwater shock wave, which is generated by underwater 
explosion of an explosive. In order to deform a metal plate in 
predetermined form with sufficient accuracy using this forming 
method, it is important to grasp the mechanism. At first, it is 
necessary to grasp that an underwater shock wave spreads and 
it collides with the metal plate. And it is also necessary to show 
clearly what deformation of the metal plate with high-speed. 
  Then, we investigated about the mechanism in the 
numerical simulation. In this research, LS-DYNA, which is the 
software for shock analysis was used. Moreover, the 
experiment was also conducted in order to confirm whether this 
numerical simulation is exact. 
 
INTRODUCTION 
In recent years, the cars, which used an aluminum alloy 
instead of steel material, have increased. However, the 
aluminum alloy has a limit in formability characteristics 
compared to the conventional steel material. Improvement in 
the forming limit of an aluminum alloy is attempted by 
employing explosive forming method (Iyama et. al., 2004). On 
the other hands, a method of changing the deformation shape of 
a metal plate by changing the position of a explosive has been 
investigated( Itoh et al., 2002). 
However, in order to realize these methods, it is necessary 
to clarify the deformation mechanism of thus metal plate in 




Figure 1 shows the explosive forming method in case of 
aluminum forming (Iyama et al., 2004). On this method, a ed From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Upressure vessel was made by paper, and the explosive put on 
the water part. So, a shock loading by the underwater shock 
wave is worked to the surface of aluminum plate. A semi-static 
load by the expansion pressure of the detonation gas of the 
explosive act on the aluminum sheet, a little. Although, on the 
static press forming, the bulge depth was 28mm, in case of the 
















Figure 1 A set-up of explosive forming of aluminum plate. 
 
SIMULATION METHOD 
Figure 2 shows a simulation model of explosive forming. 
In this research, in order to a basic mechanism of the blank, a 
copper plate was targeted as the blank, because the 
characteristic of it was known well.  
We calculated by LS-DYNA of the Livermore Software 
Technology Corp., which used well by catching the impact 
phenomenon like this method. The simulation scheme was used 
ALE method. This analysis area was divided into many 
quadrilateral elements. A Copper plate was with the diameter 
and thickness as 100 mm and 2 mm respectively. The material 
of copper was annealing material. A water cylinder was packed 1 Copyright © 2005 by ASME
se: http://www.asme.org/about-asme/terms-of-use
Doon the copper plate with a diameter 70 mm and the height 20 
mm. Although the vessel of paper was used in the experiment, 
the vessel is not taken into consideration in numerical 
simulation. The surroundings of the paper vessel considered the 
area of air. The high explosive SEP was arranged in underwater. 
SEP explosive was provided by Asahi Kasei Chemicals Corp., 


























wnloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Usedetonation pressure is 15.9 GPa. The distance from the top of 
the explosive and copper plate was 20 mm. The curvature 
radius of the die shoulder was 10mm, and an opening diameter 
of die was 50 mm. As the boundary conditions, the die was a 
rigid body. And then, the vessel was disregarded and the 
surface outside of water was free surface. Figure 2 Simulation model 
 
The pressure calculation of water was solved by the 







where, ρ 0 is initial density. e is energy, Γ0 is Grüneisen  
parameter, η=1−ρ0 /ρ, c0 and s are material constants. For the 
related materials, the values of those constants are given in 
Table 1. 
Table 1. Material constants in Mie-Grüneisen EOS. 
 ρ0 (kg/m3) C0(m/s) S Γ0 
Water 1000 1490 1.79 1.65 
 
The pressure in detonation products of explosive is calculated 
by using the JWL (Jones-Wilkins-Lee) equation of state (Lee et. 























































−=of the volume of the product gases to initial volume of the 
undetonated explosive. For the explosive of SEP, those 
constants were obtained from cylindrical expansion test and are 
given in Table 2. 
 
Table 2. JWL parameters for SEP explosive. 
A(GPa) B(GPa) R  1 R  2 ω  
365 2.31 4.30 1.10 0.28 
 
As the constitutive equation of the copper plate, simplified 
Johnson-Cook’s equation is used. The equation is described in 




( )( )εεσ &ln1 CBA ny ++=
where, σy is the equivalent stress, εis the equivalent strain 
and  is the equivalent strain rate. Then, A, B, C, and n are 
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DowTable 3. Material constant of Johnson-Cook’ equation for 
Copper. 
 
A(MPa) B(MPa) C n 
89.63 291.64 0.025 0.31 
 
For the calculation of detonation of the explosive, the C-J 
volume burn method (Mader, 1979) was used. When the volume 
of the cell of the original explosive in the calculation becomes 
equal to the volume of the detonation products at Chapman-
Jouguet (C-J) state, the solid explosive is assumed to be 
completely decomposed into the gaseous products. Let V0 
represent the initial volume of explosive (the reciprocal of the 
initial density), VCJ be the volume of the detonation products at 








where, W stands for the mass fraction of the unreacted 
explosive, thus, before and after reaction, W=1 or 0, 
respectively, Pg is the pressure of the detonation products. The 
pressure, P, correspondingly, is assumed to be equal to that of 
the detonation products of the partly reacted explosive over the 
whole cell. The pressure, volume and energy of the reacted 
explosive are correlated by the JWL equation of state already 
described above. 
  Then, as the initial condition, the top of the explosive on 
Figure 1 was given the detonation pressure 15.9GPa. 
 
SIMULATION RESULTS AND DISCUSSION 
Figure 3 shows pressure contour of element on simulation 
field. It can be seen that the underwater shock wave produced 
by underwater detonation of an explosive spreads radially from 
3.4 to 20.2µs. The shock front extends to the outer part and a 
reflective wave occurs from an aluminum plate immediately, 
when the underwater shock wave reaches the copper plate. The 
pressure action to the copper plate by the underwater shock 
wave is produced from the central part of the copper plate, and 
the pressure of the direction of the perimeter rises gradually. 
Figure 4 shows the part of the latter half of the calculation. 
The deformation arises from the central part of the copper plate 
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and the deformation has begun. This bending deformation is 
moving in the direction of the center.  
Figure 5 shows pressure profile at water element on central 
part of copper plate. This pressure value include a reflected 
pressure from the copper plate. Peak pressure value reaches up 
to about 1.4GPa. After that, pressure attenuates gradually. 
Figure 6 shows perpendicular directional velocity of 
central part of copper plate. Because the copper plate forms 
downward, the value is a minus. It can be seen that the solution 
vibrates. The downward velocity of center part of the copper 
plate rises to 90m/s until 500µs, after that, the velocity was 
attenuates to gradually. 
SUMMARY 
In this research, a numerical simulation was performed on 
the free forming of the copper plate by explosive forming 
method. The propagation process of an underwater shock wave 
and the deformation process of the copper plate were shown. 
From these results, the underwater shock wave propagates 
spherical and it reached the central part of the copper plate at 
first. Then, the central part of the copper plate began to form. 
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Figure 3 Pressure contour of simulation field. 
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